SUMMARY Ammonia coma was produced in rats within 10 to 15 minutes of an intraperitoneal injection of 1.7 mmol NH4C1. This coma was prevented with 1-68 numol L-dopa given by gastric intubation 15 minutes before the ammonium salt injection. The effect of L-dopa was correlated with a decrease in blood and brain ammonia, an increase in brain dopamine, and an increase in renal excretion of ammonia and urea. Intraventricular infusion of dopamine sufficient to raise the brain dopamine to the same extent did not prevent the ammonia coma nor affect the blood and brain ammonia concentrations. Bilateral nephrectomy eliminated the beneficial effect of L-dopa on blood and brain ammonia and the ammonia coma was not prevented. Thus, the reduction in blood and brain ammonia, and the prevention of ammonia coma after L-dopa, can be accounted for by the peripheral effect of dopamine on renal function rather than its central action. These results provide a reasonable explanation for the beneficial effects observed in some encephalopathic patients receiving L-dopa.
The arousal effect of L-dopa in hepatic coma has been observed repeatedly since the original observations (Parkes et al., 1970) . The arousal response is observed in approximately one-half ofpatients treated and is temporary in all but a few (Fischer et al., 1976) . The beneficial effect of L-dopa has generally been presumed to be a central effect of its derivative, dopamine, and has been cited as evidence supporting the false neurotransmitter hypothesis of the aetiology of hepatic coma (Fischer and Baldessarini, 1971) . We studied the effect of L-dopa in experimental ammonia coma in rats, thinking that there might be an association between the arousal effect of L-dopa and the brain ammonia concentration. We found, indeed, that L-dopa in sufficient dosage prevented ammonia coma, and that the presence or absence of coma was related to the brain ammonia but not the brain dopamine concentration. We also observed that the reduction in brain and blood ammonia after L-dopa was associated with an increase in renal excretion of ammonia and urea, and that nephrectomy eliminated the effects of L-dopa on coma and on the blood and brain ammonia concentrations. ' Healthy male Sprague-Dawley rats weighing 275-350 g were used. One set of non-fasting animals was divided into four groups consisting of five or six rats per group. The animals of the first group received only an intraperitoneal injection of a comaproducing dose of NH4C1, 1.7 mmol. Coma occurred in all animals within 10 to 15 minutes as judged by their failure to roll over when placed upon their backs and their lack of response to a painful stimulus. Blood was drawn for ammonia determination within two to four minutes after onset of coma (12 to 18 minutes after injection of the NH4Cl). Each animal was exsanguinated, the head decapitated immediately thereafter, and the brain quickly extracted from the skull and frozen in liquid nitrogen, to be saved for later analysis for ammonia, dopamine, and noradrenaline. The whole process of getting and freezing the brain took less than two minutes.
The animals of the second group received L-dopa, 1.68 mmol by intubation 15 minutes before they received 1.7 mmol NH4Cl intraperitoneally. Coma did not occur in any of these rats, though two became lethargic. Blood was drawn for ammonia determination 17 to 20 minutes after the injection of NH4C1.
The remainder of the procedure was similar to that for the first group.
The rats of the third group received L-dopa, 1.68 mmol, by intubation like those of the second group. In addition, they were injected intraperitoneally with 150 mg benserazide, a dopa decarboxylase inhibitor, 15 minutes before they received the intraperitoneal injection of 1.7 mmol NH4C1. Three of these rats became comatose, two lethargic, and only one remained alert. Blood was drawn for ammonia determination 16 to 17 minutes after the injection of NH4C1. The remainder of the procedure was similar to that for the first group.
The rats of the fourth group received 14 gg dopamine through a cannula placed in the lateral ventricle of the cerebrum as described previously (Zieve and Olsen, 1977) . The infusion of dopamine occurred over a period of 30 minutes before the intraperitoneal injection of 1-7 mmol NH4CI. Coma occurred in all animals within seven to 12 minutes, and blood was drawn for ammonia determination three to four minutes later. The exsanguination and taking of the brain was similar to that for the first group.
The urinary excretion of ammonia and urea was studied in a second set of non-fasting rats of similar size. Two groups were formed and housed individually in metabolism cages. One group (six rats) received 5 ml water and 15 minutes later a coma producing dose of NH4C1 (1-7 mmol) intraperitoneally. The rats were killed 20 minutes after the ammonia injection. The bladder was flushed three times with water and the bladder washings combined with the metabolism cage washings and analysed for ammonia and urea. A second group of seven rats was treated exactly the same way, except that each received 1.68 mmol L-dopa by intubation 15 minutes before the injection of NH4C1.
A third set of 34 rats that had fasted for 24 hours was subdivided into four groups. The first two groups were treated the same as the corresponding groups of the first set of rats and served as controls for the third and fourth groups of rats, which were nephrectomised two hours before receiving NH4CI or L-dopa and NH4CI in identical fashion to the first two groups. Coma occurred faster in the nephrectomised rats, about six minutes after the injection of NH4CI. Blood was drawn for ammonia determinations within two to three minutes of onset of coma and the brain taken as before.
ANALYTICAL METHODS
Blood and urine ammonia were determined promptly after collection by the procedure of Reinhold and Chung (1961) . Brain ammonia was measured similarly after homogenisation of a frozen piece. Brain dopamine and noradrenaline were measured by the procedure of Refshauge et al. (1974) as previously described by Zieve and Olsen (1977) . Urine and blood urea were measured by the procedure of Mather and Roland (1969) . nitrogen measurements (henceforth referred to simply as blood or brain ammonia). As shown in the upper section of the figure, the average blood ammonia concentration within a few minutes of the onset of coma was 1424 nmol/ml, equivalent to approximately 2400 ,g/dl. For reference, the average blood ammonia in six normal uninjected rats of equivalent weight was 71 nmol/ml as shown by the arrow on the ordinate. The blood ammonia was reduced significantly (t = 2.5, p < 0.05) by approximately 25 % when 1 '68 mmol L-dopa, a large dose, was given by gastric intubation 15 minutes before the intraperitoneal injection of NH4Cl, and coma was prevented as shown by the second bar. The dopa decarboxylase inhibitor benserazide prevented this beneficial effect of L-dopa to a significant degree as shown by the third bar. A large dose of benserazide, 500 mg/kg, was required to produce this effect. Only one of six rats remained alert and three became comatose. Direct instillation of dopamine into the cerebral ventricle, unlike oral L-dopa, did not prevent coma and had little effect on the blood ammonia.
Results
The effects of these manipulations on brain ammonia were similar. The reduction in brain ammonia by L-dopa was approximately 30% (t = 2.8, p < 0.05), and coma was prevented though a dose of NH4Cl that normally produced coma was given. Benserazide reversed the effect of L-dopa in three of six rats, though the average brain ammonia for the group did not return to the level of the first group. In this instance, the range of values observed is indicated by the dashed vertical line. As with blood ammonia, instillation of dopamine directly into the cerebral ventricle had no effect on the brain ammonia and did not prevent ammonia coma.
As can be seen in Fig. 2 , brain dopamine and noradrenaline did not change significantly from the normal (shown by arrows) after the injection of a coma-producing dose of NH4C1. When the oral dose of L-dopa was added brain dopamine increased by 40% (t = 4.2, p < 0.01), while the brain noradrenaline remained unchanged. Benserazide prevented the rise in brain dopamine after L-dopa.
The intraventricular instillation of 1.4 gg dopamine also caused a rise in brain dopamine of approximately 40% but, as seen previously, coma was not prevented.
In Fig. 3 group.bmj.com on September 9, 2017 -Published by http://gut.bmj.com/ Downloaded from L-Dopa in ammonia coma after oral L-dopa, but coma was not prevented and the brain ammonia did not fall. This lack of effect of intraventricular dopamine on the brain ammonia in contrast to that of oral L-dopa, suggested to us that the beneficial effect of the L-dopa on ammonia coma might be due to its effect on ammonium ion availability. We therefore studied the effect of L-dopa on the renal excretion of ammonia and urea after a loading dose (1-7 mmol) of NH4C1.
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Effect of L-dopa on the production of coma and on blood and brain ammonia concentrations in nephrectomised rats after the coma-producing dose of NH4Cl. Where applicable, the remainder of the legend is the same as for Fig. 1 . might be expected. The blood urea nitrogen in the controls after injection of the coma-producing dose of NH4C1 was 41 ± 1.5 mg/dl, and in the rats two hours after nephrectomy 65 ± 3.0 mg/dl. L-dopa had no significant effect on these values.
Discussion
The data of this report demonstrate that ammonia coma can be reversed by L-dopa and that this effect is probably related to a renal effect of dopamine rather than the build-up of dopamine in the brain. This study has implications for the observations of the L-dopa effect in hepatic coma. It has been assumed that the arousal effect of L-dopa in hepatic coma is a consequence of an increase in brain dopamine that presumably occurs (Parkes et al., 1970 , Fischer et al., 1976 . This thought has been used in support of the false neurotransmitter hypothesis of pathogenesis of hepatic coma (Fischer and Baldessarini, 1971) . The increase in brain dopamine after ingestion of L-dopa was probably real and the correlation of this increase with improvement in the encephalopathy was likely, as we demonstrated in our rats with ammonia-induced urinary ammonia and urea after the coma-producing dose of NH4C1. The mean ammonia excretion increased by 44% and urea excretion by 114%. The variability of ammonia excretion was great, preventing statistical significance (t = 1.7, p > 0.1) for this increase, however, the median increase was 54%. The increase in urea excretion was highly significant (t = 5-85, p < 0.001).
If the results of Fig. 4 indicate a renal basis for the coma-preventing effect of L-dopa, nephrectomised rats given the same doses of NH4Cl and L-dopa should remain in coma. That this is the case is shown in Fig. 5 which gives the blood and brain ammonia concentration in a group of nephrectomised rats and another control group run at the same time. The controls show the same reduction (27%) in blood (t = 4.16, P < 0001) and brain (t = 3.04, P < 0.02) ammonia concentrations on pretreatment with L-dopa as observed in the first set of rats. The nephrectomised rats show no effect of L-dopa on the occurrence of coma or on the concentrations of blood and brain ammonia. The blood ammonia values in the nephrectomised rats were about 35 % higher than in the controls, as group.bmj.com on September 9, 2017 -Published by http://gut.bmj.com/ Downloaded from coma. However, the simultaneous occurrence of other effects from the increase in systemic dopamine after L-dopa ingestion was ignored.
Two of the striking effects of dopamine are on renal function and on the circulation. Dopamine increases renal blood flow and glomerular filtration. It also increases cardiac output and decreases peripheral resistance. In 1964, McDonald et al. studied the cardiovascular and renal effects of an intravenous infusion of dopamine at a rate of 4-5 ,g/kg/min. Renal blood flow increased by an average of 57 % in nine normal people and by 48 % in seven with congestive heart failure. Corresponding increases in sodium excretion were three-and fourfold. The cardiac output in the normal subjects increased by 48 % and the peripheral resistance decreased by 33 %.
In another study of the effect of a single 1-2 g dose of L-dopa in seven patients with Parkinson's disease, Goldberg and his colleagues (Finlay et al., 1971) found the average renal blood flow increased by 20%, the excretion of potassium increased by 40%, and the excretion of sodium increased by 150%. There is thus every reason to anticipate that another renal effect of L-dopa or dopamine would be increased excretion of ammonia and urea among other substances. Thus our rats given an excess of NH¼4 responded to the L-dopa they received with increased renal excretion of ammonia and urea, sufficient to reduce the blood and brain ammonia by 25-30 %. This modest reduction in ammonia concentration was apparently enough to bring the animals below the coma level for this substance. When the kidneys were removed the beneficial effect of L-dopa on the blood and brain ammonia was eliminated and the rats were not protected from the coma-producing dose of NH4C1. We suggest that this renal effect may be the basis for the beneficial results seen with L-dopa in hepatic encephalopathy.
